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Over 40 susceptibility loci have been identified for type 1 diabetes
(T1D). Little is known about how these variants modify disease risk
and progression. Here, we combined in vitro and in vivo experi-
ments with clinical studies to determine how genetic variation of
the candidate gene cathepsin H (CTSH) affects disease mechanisms
and progression in T1D. The T allele of rs3825932 was associated
with lower CTSH expression in human lymphoblastoid cell lines
and pancreatic tissue. Proinflammatory cytokines decreased the
expression of CTSH in human islets and primary rat β-cells, and
overexpression of CTSH protected insulin-secreting cells against
cytokine-induced apoptosis. Mechanistic studies indicated that
CTSH exerts its antiapoptotic effects through decreased JNK and
p38 signaling and reduced expression of the proapoptotic factors
Bim, DP5, and c-Myc. CTSH overexpression also up-regulated Ins2
expression and increased insulin secretion. Additionally, islets
from Ctsh−/− mice contained less insulin than islets from WT mice.
Importantly, the TT genotype was associated with higher daily
insulin dose and faster disease progression in newly diagnosed
T1D patients, indicating agreement between the experimental
and clinical data. In line with these observations, healthy human
subjects carrying the T allele have lower β-cell function, which was
evaluated by glucose tolerance testing. The data provide strong
evidence that CTSH is an important regulator of β-cell function
during progression of T1D and reinforce the concept that candi-
date genes for T1D may affect disease progression by modulating
survival and function of pancreatic β-cells, the target cells of the
autoimmune assault.
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Type 1 diabetes (T1D) is a polygenic multifactorial disease
characterized by an immune-mediated destruction of the

insulin-producing pancreatic β-cells. The pathogenesis involves
an inflammatory process, in which the pancreatic islets are
infiltrated by immune cells that induce progressive β-cell loss by
apoptosis (1, 2). Genome-wide association studies have identified
more than 40 genetic loci that contribute to T1D susceptibility (3)
(www.t1dbase.org), but the mechanisms underlying the contribution
of these risk-associated variants for T1D remain to be clarified.
More than 60% of the candidate genes for T1D are expressed in
human pancreatic islets, and many are regulated by proinflamma-
tory cytokines (4, 5), suggesting that genetic susceptibility to T1D
affects both the immune system and the β-cell function. Variations
in gene expression are important mechanisms in mediating disease
susceptibility, and SNPs may directly regulate the transcript abun-
dance of candidate genes by modifying regulatory elements (6).

The T1D susceptibility locus on chromosome 15q25.1 con-
tains four known protein-coding genes: ADAMTS7, cathepsin H
(CTSH),MORF4L1, and RASGRF (3, 7). The most significantly
associated SNP, rs3825932, is located in intron 1 of the CTSH
gene (7) and has been reported to correlate with the CTSH
transcript level (http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/).
CTSH is a ubiquitously expressed lysosomal cysteine protease.

The family of cathepsins is involved in overall protein turnover
and specific cellular processes, such as apoptosis, antigen
presentation, and prohormone processing (8, 9). Experiments
with nonobese diabetic mice deficient in cathepsin B, L, or S
showed that these proteases are important for the onset of
autoimmune diabetes (10, 11). Additionally, several cathepsins
have been implicated in proinsulin processing (12) or insulitis in
nonobese diabetic mice (13). CTSH has been implicated in ap-
optosis (14–16), cancer development (17), and processing of
neurotransmitters (18).

Significance

In type 1 diabetes (T1D), the insulin-producing pancreatic
β-cells are destroyed by the immune system. Both genetic and
environmental factors contribute to T1D risk. Candidate genes
for T1D identified by genome-wide association studies have
been proposed to act at both the immune system and the β-cell
levels. This study shows that the risk variant rs3825932 in the
candidate gene cathepsin H (CTSH) predicts β-cell function in
both model systems and human T1D. Collectively, our data
indicate that higher CTSH expression in β-cells may protect
against immune-mediated damage and preserve β-cell func-
tion, thereby representing a possible therapeutic target. Our
study reinforces the concept that candidate genes for T1D may
affect disease progression by modulating survival and function
of the β-cells.
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Against this background, we investigated how genetic varia-
tions affect CTSH expression, disease mechanisms, and disease
progression in children with newly diagnosed T1D. By combining
in vitro and in vivo experimental studies and functional obser-
vations in healthy and T1D individuals, we show that the T1D
candidate gene CTSH is an important regulator of β-cell function
during progression of T1D.

Results
rs3825932 Genotypes Correlate with CTSH mRNA and Protein
Expression. Previous expression quantitative trait locus (eQTL)
studies have reported effects of rs3825932 on the CTSH transcript
level (19, 20). These datasets show a clear signal surrounding the
linkage disequilibrium (LD) block at the transcriptional start site
of CTSH, where rs3825932 is among the SNPs with the most
significant eQTL signals in CTSH (Fig. S1). There was no eQTL
effect on the expression of the three additional genes at the
15q25.1 locus.
Real-time quantitative PCR (qPCR) analysis of the HapMap

B-lymphoblastoid cell lines (BLCLs) confirmed that the T allele
of rs3825932 correlated with decreased CTSH mRNA in an
allele dose-dependent manner (P = 1.3 × 10−7, ANOVA) (Fig.
1A). Of all analyzed SNPs in the LD block, rs3825932 was most
significantly associated with CTSH expression (Table S1) and
captured the eQTL effect of the top SNPs, which was shown by
forward stepwise regression. When tag SNPs for the entire re-
gion were included, rs3825932 explained most of the eQTL
effects observed.
Additionally, rs3825932 also affected the protein expression of

CTSH in the HapMap BLCLs. The TT genotype was associated
with a lower CTSH protein level compared with the CC and CT
genotypes (P = 0.014, ANOVA) (Fig. 1 B and C). Similar to the
HapMap BLCLs, the T allele of rs3825932 was correlated with
a decreased CTSH mRNA level in BLCLs from patients with
T1D (P = 0.006). Analysis of pancreatic tissue from five donors
with T1D supported that the effect is present in primary disease-
relevant tissue, because the CTSH mRNA level was one-third in
the three TT genotype carriers compared with the two CC/CT
carriers (Fig. S2).

Cytokines Suppress CTSH Expression in Human Islets and Rat β-Cells.
Proinflammatory cytokines, particularly IL-1β, IFN-γ, and TNF-α,
contribute to β-cell dysfunction and apoptosis in T1D (1, 21). We,
therefore, investigated if cytokines affect the expression of CTSH
in pancreatic islets. Exposure of human islets to IL-1β, IFN-γ, and

TNF-α decreased the expression of CTSH compared with un-
treated islets (Fig. 2A). The cytokine-mediated suppression of
CTSH expression was confirmed specifically in β-cells, which was
shown by a decrease in Ctsh mRNA in purified primary rat β-cells
after exposure to IL-1β and IFN-γ (Fig. 2B).
To confirm that CTSH is expressed at the protein level in

human β-cells, we performed immunohistochemical staining
of pancreatic sections from nondiabetic donors. CTSH was
expressed in both exocrine tissue and pancreatic islets (Figs. S3
and S4), including β-cells, where it costained with insulin (Fig. S3).

Overexpression of CTSH Decreases Cytokine-Induced Apoptosis. To
investigate whether CTSH is involved in cytokine-induced β-cells
apoptosis, insulin-secreting INS-1 cells with stable overexpression
of CTSH were generated, and two CTSH-overexpressing clones
[plasmid encoding CTSH #1 (pCTSH #1) and pCTSH #2) were
selected (Fig. 3A). Overexpression of CTSH decreased cytokine-
induced apoptosis by ∼50% compared with cells transfected with
an empty vector (Fig. 3B). Basal apoptosis rate was not signifi-
cantly affected. These findings were supported by data showing
that overexpression of CTSH decreased cytokine-induced caspase-
3/7 activity (Fig. 3C).

CTSH Regulates Cytokine Signaling. NF-κB, signal transducer and
activator of transcription 1, and the MAPKs JNK, p38, and ERK
are critical mediators of cytokine signal transduction in β-cells
(21, 22). We, therefore, examined if CTSH affects cytokine sig-
naling through these components. Cytokine-induced degradation
of IκB, phosphorylation of signal transducer and activator of
transcription 1, and phosphorylation of ERK1/2 were unaffected
by CTSH overexpression (Fig. S5). In contrast, phosphorylation
of JNK1/2 and p38 was diminished in cells overexpressing CTSH
compared with control cells (Fig. 4 A and B). In line with these
data, phosphorylation of c-Jun and JunD, transcription factors
downstream of JNK, was decreased in CTSH-overexpressing
cells after exposure to cytokines (Fig. 4 C and D). A downstream
target of NF-κB and MAPKs in β-cells is inducible nitric oxide
synthase (iNOS) (21, 22). Overexpression of CTSH caused an
early transient reduction in cytokine-induced iNOS mRNA ex-
pression, which translated into reduced iNOS protein (Fig. 4 E
and F).
Finally, we examined if overexpression of CTSH affects the

expression of the proapoptotic factors Bim, Bak, Bid, death pro-
tein 5 (DP5), p53 up-regulated modulator of apoptosis (Puma),
and c-Myc. Although overexpression of CTSH abolished cytokine-
induced expression of Bcl2l11 (Bim), c-Myc, and DP5 (Hrk)
mRNA (Fig. 4 G–I), it failed to significantly affect Bak, Bid, and
Puma (Bbc3) mRNA expression (Fig. S5).

CTSH Regulates Insulin Transcription. We also examined if CTSH
affects insulin secretion. Overexpression of CTSH increased the

Fig. 1. rs3825932 affects CTSH mRNA and protein levels. (A) CTSH mRNA
was examined in HapMap BLCLs by qPCR and normalized to the geomean of
GAPDH, ACTB, and UBC. Data are relative expression with median, SD, and
5–95 percentiles [n = 25 (CC), n = 24 (CT), and n = 7 (TT)]. (B) CTSH protein
was examined in HapMap BLCLs by immunoblotting and normalized to
β-actin. Data are relative expression (fold) with median, SD, and 5–95 per-
centiles [n = 6 (CC), n = 5 (CT), and n = 6 (TT)]. (C) A representative immu-
noblot with n = 2 for each genotype. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 2. Cytokines suppress CTSH expression. (A) Human islets were un-
treated or exposed to IL-1β (1 ng/mL), IFN-γ (20 ng/mL), and TNF-α (8 ng/mL)
(MIX) for 24 or 48 h. CTSH was examined by microarray. Data are means ±
SEMs of four individuals. (B) Purified primary rat β-cells were untreated or
exposed to IL-1β (50 U/mL) and IFN-γ (500 U/mL) (MIX) for 24 h. Ctsh was
examined by qPCR and normalized to Gapdh. Data are means ± SEMs (n = 6).
CTRL, control. **P < 0.01; ***P < 0.001.
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medium-accumulated insulin by ∼50–70% compared with con-
trol cells (Fig. 5A); however, CTSH did not affect glucose-
stimulated insulin secretion (Fig. S5). The CTSH-overexpressing
cells had a higher Ins2 mRNA expression compared with the
control cells (Fig. 5B), whereas Ins1 was not significantly af-
fected (Fig. 5C).
To further validate our findings, mirror experiments were

performed in primary islets from Ctsh−/− and WT mice. Medium-
accumulated insulin was lower in isolated islets from Ctsh−/−

mice compared with WT littermates (Fig. 5D). These data are in
line with a trend for a higher fasting blood glucose level in Ctsh−/−

mice (P = 0.2) (Fig. 5E). Additionally, the insulin intensity was
significantly lower in islets from Ctsh−/− mice compared with islets
from WT mice (Fig. 6 and Table S2), which was evaluated by
immunohistochemical staining of pancreatic sections. The differ-
ence was not caused by a deficit of Ins2 in Ctsh−/− mice, which was
shown by an identical ratio of Ins1 and Ins2 mRNA in pancreas
from Ctsh−/− and WT mice. In contrast, there was no difference in
the glucagon intensity between Ctsh−/− and WT mice (Fig. 6).

rs3825932 Affects Disease Progression in Children with T1D. To gain
insight into possible in vivo effects caused by the rs3825932
variant, we examined if rs3825932 affects residual β-cell function
and glycemic control in children with newly diagnosed T1D.
These children display a varying degree of decline in residual
β-cell function, which could partly be determined by genetic risk
factors. Of interest, carriers of the TT genotype required a higher
daily insulin dose 9 and 12 mo after disease onset compared with
the CC and CT carriers (9 mo: estimate: 0.18 U/kg, P = 0.009; 12
mo: estimate: 0.22 U/kg, P = 0.009) (Fig. 7A). There was no dif-
ference in glycemic control (HbA1c) between the groups. The in-
sulin dose-adjusted HbA1c (IDAA1c) levels were, however, higher
9 and 12 mo after disease onset in carriers of the TT genotype
compared with the CC and CT carriers (9 mo: estimate: 0.8, P =
0.042; 12 mo: estimate: 1.1, P = 0.026) (Fig. 7B). Of note, there
was a tendency toward fewer TT carriers entering remission (as
assessed by an IDAA1c ≤ 9) (23), which is a state of temporary
improvement in disease progression caused by improved β-cell
function. Indeed, by 12 mo after disease onset, none of the TT
carriers were in remission compared with 15% and 21% of the CC
and CT carriers, respectively (Fig. 7C) (P = 0.068, recessive model).

rs3825932 Affects β-Cell Function in Healthy Subjects. We next in-
vestigated if rs3825932 affects β-cell function in a group of

young, clinically well-characterized healthy twins. Insulin secretion
was assessed by oral glucose tolerance test (OGTT) (Table 1) and
i.v. glucose tolerance test (IVGTT) (Table S3), whereas insulin
sensitivity was evaluated by a euglycemic–hyperinsulinemic clamp
(Table S3). There was a significant effect of rs3825932 on the
insulinogenic index, a measure of β-cell function. The effect size
was 0.79 (P = 0.03), corresponding to a 21% decrease in β-cell
function for each T allele (Table 1). However, rs3825932 did not
affect insulin sensitivity (Table S3), suggesting that the observed
effect is caused by differences in β-cell function.

Discussion
We have shown that CTSH is a T1D candidate gene that regu-
lates β-cell function and disease progression in newly diagnosed
patients. We confirmed that the previously reported eQTL sig-
nals for SNPs located in the T1D susceptibility locus on chro-
mosome 15q25.1 affect the expression of CTSH. Specifically, we
observed that the T allele and the TT genotype of rs3825932
significantly correlate with a lower CTSH expression at the
mRNA and protein levels, respectively; rs3825932 has no effect
on the expression of the other candidate genes in the region,
supporting CTSH as the causal gene of this locus. Although
rs3825932 is superior in explaining the eQTL signal in CTSH
expression, it cannot be excluded that other SNPs or structural
variants in tight LD with this variant also carry causal effects.
Exposure of isolated human islets and purified primary rat

β-cells to proinflammatory cytokines decreased CTSH mRNA
expression. This observation is in concordance with recently
published RNA sequencing data used to identify transcripts
under cytokine regulation in human islets (4). Importantly, we
confirmed that CTSH is expressed at the protein level in human
β-cells in pancreatic sections, which is consistent with a previous
study that showed that CTSH is localized to the secretory
granules of α- and β-cells (24).
The overexpression experiments revealed CTSH as a negative

regulator of cytokine-induced apoptosis in insulin-secreting cells.
Interestingly, deletion of Ctsh in a mouse model of pancreatic
islet cell cancer led to a reduction in tumor incidence and tumor
growth because of increased apoptosis (17). Taken together,
these results support an antiapoptotic effect of CTSH. Sub-
sequent mechanistic experiments indicated that CTSH exerts its
antiapoptotic effects through inhibition of specific cytokine-
induced signals in β-cells. Thus, overexpression of CTSH in INS-1
cells diminished signaling through the JNK and p38 pathways,
key modulators of cytokine-induced β-cell apoptosis (21). We
also observed a clear inhibitory effect of CTSH overexpression
on cytokine-induced transcription of the proapoptotic factors
Bim, DP5, and c-Myc. The expressions of Bim, c-Myc, and DP5
are induced by cytokines in β-cells, and Bim and DP5 are regu-
lated, at least in part, through JNK (25–27). Importantly, knock-
down of DP5 or Bim significantly decreases cytokine-induced
apoptosis in both human and rodent β-cells (26–28), and the
proapoptotic effects of Bim in β-cells are modulated by two other
candidate genes for T1D, namely PTPN2 (26) and GLIS3 (28).
These observations suggest that CTSH protects against β-cell ap-
optosis through inhibition of JNK and p38 signaling and conse-
quent activation of key proapoptotic genes.
Our data also showed effects of CTSH on insulin gene tran-

scription and chronic insulin release. Overexpression of CTSH
causes an increase in chronic insulin release from INS-1 cells that
is paralleled by increased transcription of Ins2. Accordingly,
islets from Ctsh−/− mice contain less insulin than islets from
WT littermates. Ctsh−/− mice also tend to have a higher fasting
blood glucose.
The clinical data from patients with newly diagnosed T1D

supported the in vitro results. Carriers of the rs3825932 TT ge-
notype require a significantly higher insulin dose to maintain
glycemic control and have higher IDAA1c levels, thus indicating
a negative effect of the TT genotype on the residual β-cell
function in T1D patients. Interestingly, the CTSH protein
expression data support the clinical observation that the TT

Fig. 3. CTSH overexpression decreases cytokine-induced apoptosis. INS-1 cells
were stably transfected with an empty control vector (pcDNA) or a vector
encoding CTSH (pCTSH #1 and pCTSH #2). Cells were untreated or exposed to
IL-1β (150 pg/mL) and IFN-γ (5 ng/mL) (MIX) for 24 h. (A) Immunoblot of CTSH
in INS-1 pcDNA and pCTSH cells. (B) Apoptosis determined by the presence of
cytosolic histone–DNA complexes. Data are means ± SEMs (n = 4). (C) Caspase-
3/7 activity. Data are means ± SEMs (n = 4). CTRL, control. *P < 0.05; **P < 0.01.

Fløyel et al. PNAS | July 15, 2014 | vol. 111 | no. 28 | 10307

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402571111/-/DCSupplemental/pnas.201402571SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402571111/-/DCSupplemental/pnas.201402571SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402571111/-/DCSupplemental/pnas.201402571SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402571111/-/DCSupplemental/pnas.201402571SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402571111/-/DCSupplemental/pnas.201402571SI.pdf?targetid=nameddest=ST3


genotype differs from the CC and CT genotypes. The lack of
association between CTSH genotypes and C-peptide or pro-
insulin levels might relate to the fact that these patients already
suffer from severe β-cell loss, rendering it difficult to detect
subtle differences in the β-cell mass and function. Nevertheless,
the results indicate that TT carriers have a faster disease pro-
gression, leading to a more prominent β-cell dysfunction, which
is consistent with our observation that fewer TT carriers enter
remission.
In line with these observations, healthy human subjects car-

rying the T allele had lower β-cell function. We found no effect
of rs3825932 on the first-phase insulin secretion, which was
assessed through the IVGTT, but in the OGTT, rs3825932 sig-
nificantly affected the insulinogenic index, showing that the
β-cell function was decreased by 21% for each T allele. The data
suggest that rs3825932 primarily affects insulin secretion in re-
sponse to oral as opposed to i.v. glucose ingestion. It is con-
ceivable that the differences between the two tests are explained

by rs3825932 primarily affecting the second-phase insulin se-
cretion response. Importantly, a recent study identified a type 2
diabetes candidate gene that only affects second-phase insulin
secretion (29).
Several T1D candidate genes have been implicated in β-cell

function and survival (28, 30–32), but to our knowledge, this
study is the first demonstration that a genome-wide association
study-identified genetic variation affects β-cell function in both
model systems and human T1D. Thus, this study strengthens
CTSH as a causal risk gene in T1D and reinforces the concept
that candidate genes for T1D may affect disease progression by
modulating survival and function of the pancreatic β-cells (33).
We suggest that SNPs, which cause a low expression of CTSH,
sensitize β-cells to immune-mediated β-cell dysfunction and
death, leading to a more rapid and severe loss of functional β-cell
mass. This functional knowledge of CTSH may be used for de-
velopment of new diagnostic and preventive strategies to pre-
serve β-cell function in T1D.

Fig. 4. CTSH overexpression decreases cytokine signaling. INS-1 pcDNA and pCTSH cells were untreated or exposed to IL-1β (150 pg/mL) and IFN-γ (5 ng/mL) (MIX). (A–D
and F) Immunoblottingwas performed after stimulation for 0 h, 30min, or 6 h. Data aremeans± SEMs (n= 3–4). (E andG–I) qPCRwas performed after stimulation for 2,
4, or 8 h; data are normalized to Actb and presented as fold induction. Data are means ± SEMs (n = 4). CTRL, control. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 5. CTSH regulates insulin transcription and secretion. (A) Medium insulin accumulation over 24 h from INS-1 pcDNA and pCTSH cells. Data are insulin
(micrograms per liter) divided by DNA content with median, SD, and 5–95 percentiles (n = 7). (B and C) INS-1 pcDNA and pCTSH cells were untreated or
exposed to IL-1β (150 pg/mL) and IFN-γ (5 ng/mL) (MIX) for 24 h. Ins1 and Ins2 were examined by qPCR and normalized to Hprt1. Data are mean ± SEM (n = 4).
(D) Medium insulin accumulation over 24 h from islets of WT and Ctsh−/− (KO) mice. Data are insulin (micrograms per liter) divided by DNA content with
median, SD, and 5–95 percentiles (n = 4). (E) Blood glucose (milligrams per deciliter) was measured in WT and Ctsh−/− (KO) mice after overnight fasting with ad
libitum water access. Median, SD, and 5–95 percentiles (n = 7 in each group). CTRL, control. **P < 0.01; ***P < 0.001.
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Materials and Methods
Cell Lines. BLCLs from 60 HapMap CEPH founders, obtained from the Coriell
Institute (www.ccr.coriell.org), were cultured in RPMI1640 with Glutamax,
10% (vol/vol) heat-inactivated FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin (Invitrogen). qPCR, immunoblotting, and eQTL analysis are
described in SI Materials and Methods. BLCLs from 20 T1D and 25 non-
diabetic subjects were available from the Type 1 Diabetes Genetics Consor-
tium (www.t1dgc.org). The generation and culturing of these cells have
been described previously (34). Microarray, genotyping, and eQTL analysis
are in SI Materials and Methods. INS-1 cells were cultured as described (35)
and stably transfected with a plasmid pCTSH (OriGene) or an empty con-
trol vector (pcDNA 3.1) using Dharmafect 1 (Thermo Scientific). Two days
posttransfection, 200 μg/mL G418 (Sigma) was added to the culture me-
dium for selection of stably transfected cells. After 1 wk, the concentra-
tion of G418 was reduced to 100 μg/mL, which was used continuously
during culturing. INS-1 cells were treated with recombinant mouse IL-1β
(BD Pharmingen) and recombinant rat IFN-γ (R&D Systems). qPCR, im-
munoblotting, apoptosis, and insulin measurements are discussed in SI
Materials and Methods.

Human Pancreas. Human islets from four nondiabetic donors were provided
through the Juvenile Diabetes Research Foundation Islet Distribution Pro-
gram. The islets were cultured in RPMI1640 supplemented with 2% (vol/vol)
human serum (Lonza) and precultured for ∼5 d to allow islet depletion of
passenger cells, including immune cells. Islets were treated with IL-1β (1 ng/mL),
IFN-γ (20 ng/mL), and TNF-α (8 ng/mL) and used for microarray analysis (SI
Materials and Methods). Six-micrometer fresh frozen pancreatic samples from
five donors with T1D (disease durations ranging from 1 to 8 y) were obtained
through the Network for Pancreatic Organ Donors with Diabetes or donated by
Thomas Kay (St. Vincent’s Institute, Fitzroy, Victoria, Australia). The samples
were used for qPCR and genotyping (SI Materials and Methods). Adult human
paraffin-embedded, formaldehyde-fixed pancreatic tissues were obtained from
four nondiabetic donors through the multicenter European Union-supported
program on β-cell transplantation in diabetes and used for immunostaining (SI
Materials and Methods).

Animals. Isolation and culturing of primary rat β-cells have been described
previously (36) and followed the guidelines of the Belgian Regulation for
Animal Care. The preparations contained 93 ± 1% β-cells (n = 6) and were
treated with recombinant human IL-1β (R&D Systems) and recombinant rat
IFN-γ (R&D Systems). qPCR is described in SI Materials and Methods. Ctsh−/−

mice (strain Ctshtm1Thre) were generated as described (37) on a 129P2/OlaHsd
genetic background and backcrossed for 10 generations to the C57BL/6N
strain. For these experiments, Ctsh+/− mice were bred, offspring was geno-
typed (37), and Ctsh+/+ and Ctsh−/− littermates were selected for study. The
absence of Ctsh in pancreases from Ctsh−/− mice was verified using qPCR (SI
Materials and Methods). The generation and phenotype analyses of Ctsh−/−

mice were conducted in accordance to the German law of animal protection.
The protocols were approved by the ethics committee of the governmental
regional board, Freiburg or the Danish Animal Experiment Inspectorate as
appropriate. Pancreatic islets were isolated from Ctsh+/+ and Ctsh−/− mice
(equal mix of males and females; 5–16 wk of age) by the collagenase

digestion method (Collagenase P; Roche), handpicked, and cultured in
RPMI1640 with Glutamax, 10% (vol/vol) heat-inactivated FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin (Invitrogen). The islets were
precultured for 3 d. Insulin measurements and immunostaining are in SI
Materials and Methods.

Study Populations. The study population of T1D children was collected
through The Hvidoere Study Group on Childhood Diabetes as described (38).
The cohort included 126 girls and 131 boys with new-onset T1D. Age at
diagnosis was 9.1 ± 3.7 y (mean ± SEM). Glycemic control was measured at
1, 3, 6, 9, and 12mo after diagnosis (38). IDAA1c defined as actual HbA1c + (4 ×
insulin dose in units per kilogram per 24 h) was calculated and used as a sur-
rogate marker of residual β-cell function. A calculated IDAA1c ≤ 9 corresponds
to an estimated maximal C-peptide level above 300 pmol/L and was used to
define clinical remission (23). The twin study population originally included 55
young (22–31 y) and 43 old (57–66 y) monozygotic and same sex dizygotic twin
pairs without known diabetes (39); however, in this study, we focused on the
young twins, because they are most likely more compatible with the T1D
children; 108 subjects had normal glucose tolerance, and 2 subjects had im-
paired glucose tolerance. The clinical examination included a 75-g OGTT,
a 30-min IVGTT (0.3 g/kg body weight), and a 2-h euglycemic–hyperinsulinemic
clamp (40 mU m–2 min–1) (39).

Ethical Approval. All human studies were approved by the regional ethical
committee and conducted according to the principles of the Declaration of
Helsinki. Animal studies were approved by the local ethical committees as
described in detail above.

Statistical Analyses. Statistical analysis was performed using a two-tailed t test
unless otherwise stated. P < 0.05 was considered statistically significant.
Genotype-specific levels of CTSH were analyzed using two-way ANOVA. The
difference in intensity of the insulin staining between islets from WT and
Ctsh−/− mice was evaluated using χ2 test with 5 degrees of freedom (groups 6
and 7 were merged because of few measurements). The distributions are
shown in Table S2. All statistical tests on the two study populations were
performed in SAS (version 9.1; SAS Institute). In the Hvidoere Study Group,
stimulated C peptide (logarithmic), proinsulin (logarithmic), HbA1c, daily in-
sulin dose per kilogram, and IDAA1c (logarithmic) were analyzed as de-
pendent variables in separate multiple regression repeated measurement
models with unstructured variance, with sex, age, HLA risk groups, and CTSH
genotype as explanatory variables. The assumption of constant effect of
genotype was checked by first allowing for interaction between genotype
and disease duration. In the twin study population, the proc mixed procedure
was used to adjust for twin pair and zygosity status as well as other con-
tributing variables, including age, sex, VO2max, and total fat percentage. All
response variables were log-transformed to avoid skewness of the residuals,
which also resulted in per-allele effects expressing percentagewise and not
absolute changes of the response variable.

Fig. 6. CTSH regulates insulin content. Representative immunohistochemi-
cal staining of pancreatic sections from (A–C) WT and (D–F) Ctsh−/− mice
stained for insulin (green) and glucagon (red). Nuclei were stained using
DAPI (blue). (Magnification: 40×; scale bar: 50 μm.)

Fig. 7. rs3825932 affects disease progression in children with T1D. The
genotype distribution was CC, 107; CT, 126; and TT, 18. (A) Daily insulin dose
(units per kilogram) and (B) IDAA1c according to genotype (black, CT; blue,
CC; red, TT). Data are means ± SEMs. (C) Clinical remission 12 mo after onset
defined as IDAA1c ≤ 9. *P < 0.05; **P < 0.01.
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Table 1. Oral glucose tolerance test measures in healthy subjects

CC CT TT Effect size (%) P value

n (men/women) 38 (18/20) 51 (22/29) 17 (17/0)
Age (y) 28.1 (1.8) 27.7 (1.9) 28.8 (1.7)
Insbasal (pmol/L)* 36.3 (22.5) 32.8 (15.3) 33.1 (18.2) 1.03 0.71
Insindex

† 198 (282) 138 (112) 79 (29) 0.79 0.03
AUCins0−30

‡ 6,580 (2,669) 5,684 (3,249) 5,111 (2,653) 0.88 0.08
HOMAβ-cell

§ 62.1 (23.4) 71.1 (29.1) 62.1 (23.1) 1.07 0.24

Data are mean (SD). P values were calculated using the mathematical model Ln(response variable) = age + sex +
VO2max + total fat percentage + rs3825932 genotype.
*The fasting plasma insulin concentration was measured before the OGTT.
†Insulinogenic index was calculated as (Ins30 − Ins0)/(Glu30 − Glu0).
‡The total insulin area under the curve (AUC) was calculated for the initial 30-min period.
§Homeostasis model assessment (HOMA) of β-cell function was calculated as Ins0 × 0.144 × 20/(Glu0 − 3.5).
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